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RESUMO

Globalization and climate change are accelerating the introduction of
non-native fish species, posing a threat to global biodiversity. How-
ever, monitoring of these species remains neglected in many Neotrop-
ical regions, and studies applying tools to detect and track invasions,
especially at early stages, are still scarce. In the Iguagu River Basin,
southern Brazil, the uncontrolled introduction of non-native species
has posed a risk to local endemism. Given the threat of negative im-
pacts on regional biodiversity, this study aimed to assess the invasive
potential and to model current and future (2040-2100) invasion sce-
narios for five non-native species in the Iguagu River Basin. The
Aquatic Species Invasiveness Screening Kit (AS-ISK) was used to deter-
mine the invasive potential of each of the five species analyzed, and
ecological niche modeling was applied to evaluate the current and fu-
ture environmental suitability of the target species. All five species as-
sessed exhibited high potential invasion risk in the region. Current and
future environmental suitability varied among species across sections
of the basin and among the future periods analyzed; however, all of
these species require early and urgent monitoring. In particular, Cichla
kelberi and Micropterus salmoides (already recorded in the basin), as
well as Plagioscion squamosissimus (not yet recorded), showed a high
probability of near-term invasion, indicating the need for targeted
management actions. Therefore, decision-makers should implement
strict public policies to monitor and contain the spread of these
species in the Iguagu River Basin, ensuring the preservation of its en-
demic ichthyofaunal biodiversity and anticipating a potential environ-
mental collapse and threats to the region’s unique endemism.

Keywords: Non-native fish species; Iguagu River Basin; AS-ISK; Niche
modeling; Conservation

A globalizagdo e as mudangas climaticas aceleram a introducdo de es-
pécies de peixes ndo nativas, representando uma ameaca a biodiversi-
dade global. No entanto, o monitoramento dessas espécies perma-
nece negligenciado em muitas regides neotropicais, e estudos que
empregam ferramentas para detectar e acompanhar invasdes, especi-
almente em estdgios iniciais, ainda sdo escassos. Na Bacia do Rio
Iguagu, no sul do Brasil, a introdugdo descontrolada de espécies ndo
nativas tem representado um risco ao endemismo local. Diante da
ameaga de impactos negativos a biodiversidade regional, este estudo
teve como objetivo avaliar o potencial invasivo e modelar cenarios
atuais e futuros (2040-2100) de invasdo de cinco espécies ndo nativas
na Bacia do Rio lguagu. O Aquatic Species Invasiveness Screening Kit
(AS-ISK) foi utilizado para determinar o potencial invasivo de cada uma
das cinco espécies analisadas, e a modelagem de nicho ecoldgico foi
aplicada para avaliar a adequabilidade ambiental atual e futura das
espécies-alvo. As cinco espécies avaliadas apresentaram alto risco de
invasdo na regido. A adequabilidade ambiental atual e futura variou
entre as espécies, ao longo de diferentes trechos da bacia e entre os
periodos futuros analisados, contudo, todas requerem monitora-
mento precoce e urgente, especialmente Cichla kelberi e Micropterus
salmoides (registradas na bacia) e Plagioscion squamosissimus (ndao
registrado), demonstrando alta probabilidade de invasdo em breve,
tornando necessdrias agdes de manejo direcionadas. Portanto, os to-
madores de decisdo devem implementar politicas publicas rigorosas
para monitorar e conter a dispersdo dessas espécies na Bacia do Rio
Iguagu e assegurar a preservagdo de sua biodiversidade ictiofaunistica
endémica, antecipando um possivel colapso ambiental e ameaga ao
endemismo unico do local.

Palavras-chave: Espécies de peixes ndo nativas; Bacia do Rio lguagu;
AS-ISK; Modelagem de nicho; Conservagao
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Introduction

The era of mass biodiversity extinction in the Anthropocene
(Keck et al., 2025) has been driven primarily by the introduction of
non-native species (Brito et al., 2020; Seebens et al., 2025), with fresh-
water ecosystems among the most affected (Keck et al., 2025). These
introductions are mainly driven by aquaculture activities (Vitule
etal., 2019; Garcia et al., 2022), sport fishing (Vitule, 2009; Vitule
et al., 2014), inadequate planning and management, together with
misguided and ecologically unsound social and political initiatives
(Geller et al., 2020; Garcia et al., 2022; Pelicice et al., 2023). Although
many species do not become invasive, others present a high invasion
potential (Simberloff and Rejmének, 2011). Given that climate
change can generate a series of consequences for the distribution and
ecology of invasive species, and those new invasions are predicted by
2050 (Seebens et al., 2021), it is necessary to use predictive method-
ologies for invasions by new organisms and their potential effects in a
range of environments (Corrales et al., 2020), since prevention and
early detection are effective and economical strategies to control inva-
sions (Seebens et al., 2025).

In this context, occurrence lists and databases of potentially inva-
sive species are valuable tools, providing accessible, up-to-date infor-
mation to policymakers (Gilles Jr. et al., 2024). In addition, other
tools can assist in identifying the invasion potential of non-native
species. Among them, the screening protocol for assessing the inva-
sion risk of freshwater fishes (Aquatic Species Invasiveness Screening
Kit - AS-ISK) (Copp et al., 2016) and species distribution models,
which relate occurrence records to environmental variables to esti-
mate areas of suitability (Ruaro et al., 2019; Jan et al., 2024), are
widely applied in invasion biology to predict risks and support man-
agement strategies (Barbet-Massin et al., 2018; Seebens et al., 2025).

However, in many regions, studies that apply tools to monitor bio-
logical invasions are still scarce, particularly in some Neotropical areas,
which hold one-third of the global fish diversity and harbor the highest
levels of species richness and endemism worldwide (Tonella et al.,
2023), especially within two ecoregions in southern Brazil: Upper
Parana and Iguassu (Abell et al., 2008; Mezzaroba et al., 2021; Larentis
etal., 2022; Dagosta et al., 2024). The Iguagu River Basin contains ap-
proximately 70% endemic fish species, of which 21% are threatened
with extinction (Mezzaroba et al., 2021; Dagosta et al., 2024), and is
recognized as a biodiversity hotspot: FEOW - Iguassu (Abell et al,,
2008). Nonetheless, this ecoregion has come under increasing pressure
due to the alarming introduction of non-native species (Vitule et al.,
2014; Daga et al., 2016; Geller et al., 2025), which may jeopardize native
biodiversity and associated ecosystem services.

The causes of translocation of non-native species among Brazil-
ian hydrographic basins are diverse (Gubiani et al., 2018; Ruaro et al.,
2019; Vitule et al.,, 2019), mainly involving species used for recre-
ational fishing and those with economic value, such as black bass/
largemouth bass (Micropterus salmoides) (Lacepéde, 1802) (Pereira
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and Vitule, 2019) and peacock bass (Cichla spp.) (Franco et al.,
2022). In addition, other species are translocated due to their value as
food fish or for restocking actions, such as silver croaker (Plagioscion
squamosissimus) (Heckel, 1840) (Queiroz-Sousa et al., 2018), rain-
bow trout (Oncorhynchus mykiss) (Walbaum, 1792) (Latini et al.,
2016), and species appreciated by aquarists, such as the Oscar (As-
tronotus crassipinnis s) (Agassiz, 1831) (Magalhies et al., 2017).
Given previous studies on negative effects in other regions of Brazil
following the invasion of M. salmoides (Pereira and Vitule, 2019),
Cichla spp. (Franco et al., 2022), P. squamosissimus (Queiroz-Sousa
etal., 2018), O. mykiss (Spairani et al., 2025), and A. crassipinnis
(Magalhies et al., 2017), and the low abundance or even absence of
these species in the Iguacu River Basin, we consider it essential to in-
vestigate their establishment potential.

Thus, some non-native species already recorded in the Iguagu
River Basin, southern Brazil, as well as new potentially invasive
species, may expand in the region due to climate change and anthro-
pogenic alterations to ecosystems. We therefore defined the objec-
tives as follows: to assess the invasion potential of five non-native
species three with sporadic records and two never recorded in the
Iguagu River Basin and to model their invasion under different future

climate scenarios.
Methods

Study area

Most of the Iguagu River Basin is located in the southern portion
of the State of Parana, Brazil, covering 54,820 km? with portions in
Santa Catarina, Brazil (13,470 km?), and Misiones, Argentina
(1,837.5 km?), for a total of 70,127.5 km? (Baumgartner et al., 2012).
The formation of the basin dates back to the Mesozoic era through
the early Paleozoic and is associated with stepped uplift movements
of the Serra do Mar (Mineropar, 2010), which gave rise to the three
Parana plateaus: (1) Curitiba region, (2) Ponta Grossa region, and (3)
Guarapuava region (Maack, 2001). These three plateaus divide the
basin into three regions (Figure 1): Upper Iguacu (first plateau), Mid-
dle Iguagu (second), and Lower Iguagu (third plateau) (Maack, 2001;
Baumgartner et al., 2012).

Selection of species

For the survey of non-native species in the Iguacu River Basin, we
consulted the most recently compiled species list for the basin, pre-
pared by Mezzaroba et al. (2021). Subsequently, scientific databases
(SciELO, Google Scholar, and PubMed) were searched using a tem-
poral filter from 2010 to 2025, applying the keywords “Iguagu,”
“Iguassu,” “Iguagu Basin,” and “Iguassu Basin” to identify possible
new records of non-native species in the region. Based on the non-
native fish species listed for the Iguagu River Basin, five species were

selected for assessment of invasion potential: three with sporadic
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Figure 1 - Location and geomorphological division (upper, middle, and lower) of the Iguacu River Basin.

records in the region: M. salmoides (largemouth bass), C. kelberi
(peacock bass), and O. mykiss (rainbow trout) and two without con-
firmed previous records: P. squamosissimus (silver croaker) and A.
crassipinnis (Oscar). The selection was based on the well-
documented history of invasive biological behavior of these species in
the literature, as well as alerts issued by the International Union for
Conservation of Nature (IUCN, 2026), which lists them among the
most frequently introduced species in Brazil and worldwide (Duenas
etal., 2021). Other ecological and behavioral characteristics were also
considered in the selection, such as voracious predatory habits, high
dietary plasticity, large adult body size (>40 cm total length, TL),
records of invasion in more than three Neotropical basins, evidence
of establishment and habitat degradation in other regions of Brazil,
and confirmed presence or geographic proximity to the Iguagu River
Basin (Magalhies et al., 2017; Queiroz-Sousa et al., 2018; Pereira and
Vitule, 2019; Franco et al., 2022; Spairani et al., 2025).

Aquatic Species Invasiveness Screening Kit (AS-ISK)

The tool used to identify potentially invasive species was the
Aquatic Species Invasiveness Screening Kit (AS-ISK), which is avail-
able for download at www.cefas.co.uk/nns/tools/. The procedures as-
sociated with the tool are described in Copp et al. (2016). AS-ISK
consists of 49 questions (Qs) grouped into two main sections: the bio-
geographical and historical characteristics of the taxon (13 Qs in
total) and its biological and ecological interactions (36 Qs in total),
thereby providing the Basic Risk Assessment (BRA). This assessment

is complemented by six additional Climate Change Assessment
(CCA) questions that predict how future climatic conditions may af-
fect the AS-ISK evaluation, bringing the total to 55 questions. The
confidence-ranking categories are: 1 = low, 2 = medium, 3 = high, 4 =
very high. In all cases, an overall score < 1 assigns the status of “low
risk” (i.e., not likely to be invasive), whereas values > 1 indicate alien
species as potentially invasive, representing either “medium risk” or
“high risk” (Copp et al., 2016). It is advisable to identify a “threshold”
value for the risk assessment area (RA) through a “calibration”
process to distinguish between medium- and high-risk invasive
species (Copp, 2013; Copp et al., 2016). Possible scores range from
-20 to 68 for BRA, and from —32 to 80 for BRA+CCA. Graphical
analyses were performed in R (R Core Team, 2024) and radar charts
were produced using the packages fmsb, ggplot2, and scales.

Occurrence data

Occurrence records for the five target species were obtained from
online databases of zoological collections, including the Centro de
Referéncia em Informagdo Ambiental (SpeciesLink) and the Global
Biodiversity Information Facility (GBIF), considering data published
up to May 2025. After collection, georeferenced records with deci-
mal-degree latitude and longitude coordinates were organized into
.csv tables for each species: M. salmoides (16,884 occurrences), C.
kelberi (294), O. mykiss (3,375), P. squamosissimus (1,693), and A.
crassipinnis (1,061). To ensure data consistency, records with invalid

coordinates or missing values were discarded, thereby minimizing
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geolocation errors that could negatively affect the accuracy of the dis-
tribution models (Supplementary Material 1).

Furthermore, to reduce the effect of multiple records from heav-
ily sampled locations and spatial autocorrelation, the data were parti-
tioned into spatial blocks using the blockCV function from the EN-
Meval package (Kass et al., 2021). This approach enables a more
robust evaluation of model performance by ensuring that training

and testing datasets are spatially independent.

Environmental data

The environmental variables used as abiotic predictors were ob-
tained using the worldclim_global function from the geodata package
(Hijmans et al., 2024) in R (R Core Team, 2024). These corresponded
to the 19 bioclimatic variables (BIO1-BIO19) from the WorldClim
version 2.1 dataset (Fick and Hijmans, 2017). The raster layers were
downloaded at a spatial resolution of 2.5 arc-minutes (~5 km) and
subsequently cropped to encompass the Americas (South, Central,
and North America, as well as the Caribbean), where most occur-
rence records were concentrated. To reduce multicollinearity among
environmental predictors, a Variance Inflation Factor (VIF) analysis
was applied using the vifstep function from the usdm package (Naimi
etal., 2014) in R (R Core Team, 2024). A VIF threshold of > 3 was
adopted, following recommended practices in ecological niche mod-
eling (Aradjo et al., 2019).

Spatial delimitation and background generation

For each occurrence dataset, environmental values associated
with each point were extracted, and records with missing data (NA)
were discarded. A 500 km buffer was then constructed around all oc-
currence points. Within this delimited area, 10,000 random back-
ground points were generated using the spatSample function from
the terra package (Hijmans, 2025), implemented in R (R Core Team,
2024). These points were used as negative contrasts in the modeling

process, being treated as absences by the Maxent algorithm.

Niche modeling

Potential distribution models were built using the ENMevaluate
function from the ENMeval package (Kass et al., 2021), employing
the maxnet algorithm (Phillips et al., 2017), a reimplementation of
Maxent (Phillips et al., 2006) in R (R Core Team, 2024) with en-
hanced flexibility and performance. For each species, different com-
binations of model complexity were tested by varying the following
components: (i) Feature classes (fc): These determine how environ-
mental variables are transformed before being used in the models, di-
rectly influencing the shape of environmental responses. The tested
feature classes were: (a) Linear (L), which assumes a linear relation-
ship between predictor variables and species presence; (b) Quadratic
(Q), which adds squared terms (x?), allowing unimodal responses

(e.g. species presence peaking at intermediate environmental values);

(c¢) Hinge (H), which allows abrupt changes in the slope of the re-
sponse; and (d) LQ and LQH, combinations of the above, which en-
able more complex and flexible responses to environmental gradi-
ents. (ii) Regularization multiplier (rm): This parameter penalizes
model complexity. Higher rm values yield simpler, more generalist
models, whereas lower values allow tighter fits to the training data.
Values of rm from 1 to 5 (in increments of 1) were tested. Each model
combination (defined by the chosen fc and rm values) was evaluated
based on three primary performance metrics: (i) AICc (Corrected
Akaike Information Criterion) - used to compare model quality by
balancing model fit and complexity, penalizing overparameterization.
Lower values indicate more parsimonious models with better trade-
offs between fit and simplicity; (ii) CBI (Continuous Boyce Index),
used to assess the model’s ability to distinguish areas with higher ver-
sus lower suitability. Values near 1 indicate strong performance,
whereas values near 0 suggest random prediction; (iii) 10" Percentile
Omission Rate - represents the proportion of occurrence records
with suitability values below the threshold retaining 90% of training
data. Lower omission rates indicate higher predictive capacity with
fewer false negatives. Model selection was based on a complementary
assessment of these three metrics, prioritizing models with low AICc,
high CBI, and low omission rates. After calibration, the best-
performing models were projected onto three future climatic periods
(2040-2060, 2060-2080 and 2080-2100), considering only the most
pessimistic emission scenario (SSP5-8.5). The niche modeling maps
were produced in R (R Core Team, 2024).

Results

Potential intruder AS-ISK protocol

The classification of fish species in the Iguagu River Basin (RA)
was based on the proposed calibration. Scores below 0 indicate low
invasion risk; scores between 0 and 24 indicate medium invasion risk;
and scores above 24 indicate high invasion risk. All five species evalu-
ated exhibited a high invasion risk (score > 24) in the RA. The species
with the highest BRA score was C. kelberi, followed by M. salmoides
(both already recorded in the basin) and P. squamosissimus (not yet
recorded). Astronotus crassipinnis and O. mykiss showed the lowest
scores, close to the threshold for medium risk. In the composite score
results (BRA+CCA), there was a slight change, with C. kelberi fol-
lowed by P. squamosissimus and M. salmoides (Table 1, Figure 2).

In the detailed assessment of the AS-ISK protocol, C. kelberi, M.
salmoides, and P. squamosissimus showed the highest values in the
Biogeography/History criterion, indicating a broad geographical dis-
tribution or a more established introduction history across different
regions, with the first two species already recorded in the RA. In con-
trast, A. crassipinnis and O. mykiss exhibited lower scores in this cri-
terion, suggesting more recent introductions or a more restricted his-

torical distribution. In the specific case of A. crassipinnis, the absence
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Table 1 - Final AS-ISK scores regarding invasion risk for the five target species in the Iguagu River Basin (RA). BRA = Basic Risk; BRA+CCA =

Composite score including Climate Change Assessment.

Species Score
BRA BRA+CCA
Cichla kelberi 45.50 57.50
Micropterus salmoides 42.50 50.50
Plagioscion squamosissimus 42.50 52.50
Astronotus crassipinnis 39.50 47.50
Oncorhynchus mykiss 27.50 27.50

Reliability
Risk BRA CCA BRA+CCA Risk
High 0.65 0.46 0.63 High
High 0.75 0.46 0.72 High
High 0.73 0.50 0.71 High
High 0.76 0.50 0.65 High
High 0.69 025 0.65 High

of records in the RA may have contributed to the reduced score (Fig-

ure 3 and Supplementary Material 2).

Ecological niche modeling (ENM)

The models for C. kelberi showed acceptable predictive perfor-
mance across all three temporal scenarios. Under current conditions,
the optimal model combined LQH features with a regularization
multiplier (rm) of 1; this configuration remained the most parsimo-
nious for both the 2040-2060 and 2080-2100 periods. Models devel-
oped for M. salmoides exhibited good predictive performance across
all temporal scenarios (current, 2040-2060 and 2080-2100). Simi-
larly, models for O. mykiss demonstrated excellent predictive perfor-
mance across all evaluated periods. For P. squamosissimus, model
performance was acceptable in all three temporal scenarios, whereas
models for A. crassipinnis showed reasonable predictive performance
throughout the analyzed periods (Supplementary Material 3).

5

The projected suitability maps for the target species indicate varia-
tions in invasive potential across different stretches of the Iguagu River
Basin (Upper, Middle, and Lower) under current and future scenarios.
For the three species already recorded in the basin, the present sce-
nario shows broad habitat suitability. However, future projections in-
dicate a reduction in potential distribution, particularly for O. mykiss,
while C. kelberi is expected to maintain high suitability in the medium
term (2040-2060). M. salmoides shows consistently high suitability
across all periods, with an intensification predicted for 2060-2100. The
models also suggest that environmental suitability may increase over
time for the two species not yet recorded in the Iguagu River Basin.
Plagioscion squamosissimus currently exhibits high suitability in the
Lower Iguagu region, maintaining this pattern in the intermediate sce-
nario (2040-2060) but showing a decrease in long-term projections
(2060-2100). Astronotus crassipinnis displays moderate suitability in

the Upper Iguagu region across all evaluated scenarios (Figure 4).
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Discussion

By integrating invasion risk screening (AS-ISK) with ecological
niche modeling, our study identifies species-specific invasion trajec-
tories and spatially explicit risk patterns under climate change in one
of the most endemic Neotropical River basins. South American poli-
cies reflect the low level of public interest in aquatic invasive species
(AIS). At the national level, policies in South America are poorly de-
veloped and largely focused on alien species that threaten productive
and political systems. Both low-cost, high-reliability methodologies
applied here demonstrate an imminent risk to the Iguagu River Basin
that cannot be ignored by Brazilian federal and state public policies,
particularly regarding the target species. The values obtained for the
basic score (BRA) and the composite score (BRA+CCA), combined
with ecological niche modeling (2040-2100), indicate that manage-
ment and prevention actions should initially be directed toward two
species: Cichla kelberi (yellow peacock bass) and Micropterus
salmoides (largemouth bass). These two species exhibit biological
characteristics favorable to invasion, such as ecological plasticity,
high reproductive rates, and predatory behavior, and are also associ-
ated with anthropogenic risk factors. Both species have already been
recorded in the Iguagu River Basin: C. kelberi in the lower Iguagu re-
gion and M. salmoides throughout the basin.

Peacock bass species of the genus Cichla are widely introduced in
freshwater systems (Agostinho et al., 2004; Marques et al., 2016;
Franco et al., 2022) and cause serious ecological effects (Pelicice et al.,
2015; Franco et al., 2021). These piscivorous species exhibits vora-
cious behavior and remarkable phenotypic, behavioral, and hunting
plasticity (Gaspar et al., 2025). Based on these traits, it is evident that

an invasion of C. kelberi in the Iguagu River could harm the native

ichthyofauna, especially small-bodied species whose decline following
invasions is well documented (Franco et al., 2021; Rauber et al., 2024;
Gaspar et al., 2025). The species’ ability to adapt to modified environ-
ments (Catelani et al., 2021; Franco et al., 2022) reinforces the impor-
tance of monitoring it in the basin. Although previous studies have
shown that their establishment and dispersal have been limited by the
low mean water temperature (below 20 °C) in the Iguagu River Basin,
our scenarios, together with projections of increasing global mean
temperatures (Intergovernmental Panel on Climate Change (IPCC)
in 2007), reveal a shift in this pattern, allowing non-native species
that were previously constrained by water temperature to become es-
tablished. Supporting our projections, Franco et al. (2022) identified
critical points for Cichla invasion concentrated in tropical climatic

zones, especially in the Upper Parand ecoregion.

Micropterus salmoides (largemouth bass) occurs on all conti-
nents except Antarctica and has been included since 2004 on the
TUCN list of the “100 worst invasive alien species” (Lowe et al., 2000).
Multiple negative effects of its invasion are well documented (see
Pereira and Vitule, 2019; Costantini et al., 2023; Culberson et al.,
2024), supported by specific adaptations such as tolerance to low oxy-
gen levels and wide water temperature ranges, generalist feeding be-
havior, trophic plasticity, and the ability to occupy multiple ecological
niches (Mulhollem et al., 2016; Peat et al., 2016; Costantini et al.,
2023). Although the AS-ISK protocol did not identify M. salmoides as
having the highest basic invasive potential (BRA), current and future
modeling projections highlight this species as a potential concern. As
with peacock bass, successful invasions of largemouth bass occur pre-
dominantly in disturbed habitats (reservoirs), whereas their presence

in rivers and streams is considerably lower (Pereira and Vitule, 2019;

6

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.61 | e2972 | 2026



Future scenarios of biological invasions threaten endemism in a neotropical basin

Suitability |2
H 0.968528

Ho.025425 = 2ﬂ040'2060

Suitability
H 0.999958

H 0.004996

g suitability |2
H0.878565

-2

Current

H 0.002906 |2
I

-28.0

Suitability
H 0.999885

H 0.47145 §

Suitability
H 0.999662

H 0.309967

-52.0 -51.0 -50.0 -49.0 5
o

Suitability [

N
H 0.999885
H 0.47145

2040-2060

-28.0
-28.0

Suitability
H 0.928874

H 0.002906 §

Suitability
H 0.930511

H 0.004425 |2
I

Suitability
H 0.910775

H 0.001964 |
S

-27.0
-27.0

-50.0

-50.0 -50.0

29 2902

-25.0

2902

o

Suitability |<
H 0.346829

Suitability
H 0.750535

H 0.002396 |3
I

Suitability
H 0.481926

-2
-27.0

2080-2100

Current

H 0.001717

H 0.008184 |3
I

-28.0

-25.

260
260
260

Suitability
H 0.248269 |

Suitability |2
H 0.275195

H 0.002611 |5
B

. Suitability
H 0.150668

H 0.000803

-27.0

Currennt

2080-2100

H 0.004507 §

-28.0

Parana State 8 o Brazil
\ South America
DOIguagu River Basin
> Hydrography

-27.0

’ TR Santa Catarina State

2 m
770660 550 -440 330 ) 540 530 520 510 500 750

Cichla kelberi
(Peacock Bass)

Micropterus salmoides
(Largemouth Bass)

Oncorhynchus mykiss
(Rainbow Trout)

Plagioscion squamosissimus
(Silver Croaker)

Astronotus crassipinnis
(Oscar)

Figure 4 - Ecological niche models (ENM) for the five target non-native fish species in the Iguacu River Basin under current conditions (2025) and

future scenarios (2040-2060 and 2060-2100).

Freitas et al., 2023). Although projections indicate high environmen- ation of natural habitats, combined with future climate change, may
tal suitability for this species in the future (Figure 3), the reservoir create conditions more conducive to invasion, especially in the main
characteristics of the Iguagu River, along with numerous tributaries channel of the Iguagu River. This pattern is corroborated by Freitas
with cold, flowing waters, create less favorable conditions for its pro- et al. (2023), who recorded M. salmoides in the Passatiina Reservoir
liferation in tributaries. However, this scenario signals a warning for near the state capital.

the future: the expansion of hydropower facilities and resulting alter-
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Ranked as the third species in the AS-ISK basic score and second
in the composite score, and also presenting suitable areas in the mod-
eling projections, as additionally revealed by other distributional pro-
jections (Ferreira et al., 2025), the silver (Plagioscion squamosis-
simus) was initially introduced in northeastern and southeastern
Brazil and is currently one of the main introduced species in the
country (Queiroz-Sousa et al., 2018; Orlandi-Neto et al., 2024). Con-
sidering the high scores obtained in the protocol and the niche mod-
eling projections, the species can be categorized as a potential invader
of the Iguagu River Basin, especially in the lower Iguagu, an area
highly modified by cascade reservoirs. Numerous negative effects
have already been documented in invaded areas such as the Jaguari
Reservoir (Orlandi-Neto et al., 2024), the Doce River (Barros et al.,
2012), and other regions of Brazil (Queiroz-Sousa et al., 2018). This
taxon is a generalist carnivore that exhibits ontogenetic dietary shifts
(Neves et al., 2015).

Relevant results, although less critical, were observed for On-
corhynchus mykiss (rainbow trout). The species showed the lowest
invasive potential in the AS-ISK, at both the basic and composite lev-
els, compared with the other species. However, it still presented a
high invasion risk in the Iguagu River Basin according to RA calibra-
tion. Nevertheless, in projections for later periods (2060-2100), a de-
crease in suitability was observed, most likely due to global tempera-
ture increases, a pattern already reported for the species by
Yogurt¢uoglu et al. (2021), who found a reduction in the invasion po-
tential of O. mykiss in Turkey due to rising temperatures. Genetic
studies in trout populations have been conducted to increase resis-
tance to temperature changes (Araujo et al., 2023), which could make
this species more resilient to warming and a concern in cases of es-
capes from aquaculture. Thus, the species cannot be fully disre-
garded, as it exhibits carnivorous habits, preying on various inverte-
brates and small fish, in addition to being a highly adaptable and
competitive generalist (Yogurtguoglu et al., 2021; Sunny et al., 2024;
Spairani et al., 2025). Therefore, careful monitoring of this species is
necessary, especially in the coming years, considering that it is not yet
widely established in the basin.

Astronotus crassipinnis (Oscar), native to the Amazon Basin in
Peru, Colombia, and Brazil, is now distributed across several regions
of Brazil (Magalhaes et al., 2019; Pavanelli et al., 2023) and beyond
South America (Lozano et al., 2022). The species showed intermedi-
ate results in the AS-ISK protocol and low suitability in the niche
models for the entire Iguagu River Basin, with isolated areas of poten-
tial invasion, mainly in the coastal region of the upper Iguagu. Under
climate change scenarios, rising average water temperatures may lead
to the redistribution of fish species such as A. crassipinnis, as warmer
waters facilitate the spread of non-native tropical fish to higher lati-
tudes (Sharma et al., 2007; Rahel and Olden, 2008). This species is
widely used in the aquarium trade and exhibits aggressive biological

behavior. Propagule pressure is generally high, which is a concerning

factor not captured by future niche modeling. The risk of invasion
driven by propagule pressure from A. crassipinnis is constant across
Brazil, largely due to irresponsible aquarium releases (Magalhdaes
et al., 2017; Ferraz et al., 2019).

Although carnivorous fish are considered among the most suc-
cessful invasive species, taxa from lower trophic levels with generalist
feeding habits may also benefit from biological invasions due to their
dietary plasticity (Agostinho et al., 2015; Tonella et al., 2018). The
species analyzed in this study are carnivorous and generalists, many
exhibiting notable trophic plasticity, especially in novel environ-
ments, reinforcing the hypothesis of a possible invasion sequence in
the Iguagu River Basin. Notably, most of the non-native species eval-
uated, especially C. kelberi, M. salmoides, and P. squamosissimus,
tend to benefit from lentic environments, which are often associated
with human activities. The upper Iguacu shows high pollution levels,
mainly due to industrial and domestic effluent discharge (Bueno-
Krawczyk et al., 2015), a pattern also observed in the middle Iguagu
(Krawczyk et al., 2023), along with the presence of pesticides used in
agricultural practices in the middle and lower regions of the basin
(Nimet et al., 2017).

The integration of AS-ISK and ENMs provides complementary,
though non-equivalent, perspectives on invasion risk. While AS-ISK
captures species-level traits, invasion history, and potential impacts,
ENMs characterize the spatial and climatic constraints shaping species
establishment and spread. The convergence of high AS-ISK scores and
broad environmental suitability for Cichla kelberi and Micropterus
salmoides strengthens confidence in their invasion potential in the
Iguagu River Basin. Conversely, species classified as high risk by AS-
ISK but exhibiting spatially restricted environmental suitability high-
light the role of environmental filtering in shaping invasion outcomes
under future climate scenarios. Nevertheless, this pilot study for the
Iguagu River Basin serves as an initial warning to Brazilian federal and
state political and environmental authorities to initiate monitoring and
control programs for non-native species in this highly endemic region,
which faces a substantial risk of biodiversity loss.

Conclusion

The combination of ecological niche modeling and data obtained
through the AS-ISK protocol reveals an imminent threat of biological
invasions in the Iguagu River basin, especially under a scenario of cli-
mate change. These results reinforce the urgency of prevention and
management strategies for all species evaluated, especially for Cichla
kelberi and Micropterus salmoides, which have already been
recorded in the basin, as well as Plagioscion squamosissimus, which
has not yet been recorded.

Despite recurrent warnings about the impacts of biological inva-
sions in aquatic environments, awareness of the problem's severity
remains low, and effective actions are scarce. Therefore, this study

reinforces the need for more rigorous public policies, grounded in
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scientific evidence, to curb the spread of non-native species in the

Iguagu River Basin.
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